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Numerical Simulations of Radar Surface Air Pressure
Measurements at O2 Bands

Bing Lin and Yongxiang Hu

Abstract—An active microwave method is investigated for mea-
suring surface air pressure by using radar reflections at frequen-
cies around 53–55 GHz O2 bands. The numerical simulation re-
sults for homogeneous backgrounds show that with an airborne
radar working at these O2 absorption bands, the rms errors of
the radar surface pressure estimations with 15-dB signal-to-noise
ratio can be as low as 4–7 mb. A radar system that covers these
wavelengths will have great potentials for weather observations
and other meteorological applications.

Index Terms—Atmospheric pressure, differential absorption
radar, microwave remote sensing.

I. INTRODUCTION

SURFACE air pressure is one of the most important parame-
ters regularly measured at surface meteorological stations.

With developments of remote sensing methods, especially in
airborne and satellite remote sensing techniques, large-scale and
global surface pressure measurements significantly lag other
important parameters, such as surface temperature. There were
some suggestions using satellite oxygen A-band methods (both
passive and active) to measure the pressure (see [1]–[4] and ref-
erences therein). The active instruments rely on the operation
of complicated highly stable laser systems on a space platform
and are thus technically difficult, while passive methods are re-
stricted to daytime measurements and areas of low cloud cover
[1]. Thus, after about two decades of the suggestions, there are
still no real remote sensing measurements of surface pressure,
even in experimental stages.

This study considers active microwave techniques at strong
O absorption bands (around 50–56-GHz wavelengths) for the
remote sensing of surface air pressure. At these frequencies, the
total extinction of radar echoes from surfaces is strongly corre-
lated with atmospheric column O amounts, thus, atmospheric
path lengths and surface air pressures. Flower and Peckham [5]
studied the possibility of a microwave pressure sounder using
active techniques. A total of six channels covering frequencies
from 25 to 75 GHz were considered. A major problem in this
wide spectral region is the significant additional dependence on
microwave absorption by liquid water (LW) clouds and atmo-
spheric water vapor (WV). Atmospheric and cloud water tem-
peratures also have different effects on the absorptions at dif-
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ferent wavelengths. The complexity in even matching footprints
of the six different wavelength channels makes this system dif-
ficult [1]. Here, we propose to use dual (or multiple) frequency
O band radar to overcome the above obstacles. The considered
dual-wavelength channels have very similar water vapor and
liquid water absorption characteristics and footprints because
of their close spectra. The microwave absorption effects due to
LW and WV should be effectively removed from the ratio of
reflected radar signals of the two channels. Simulations suggest
that the accuracy of surface air pressure estimations from the
ratio could reach 4–7 mb, which is very useful for operational
weather modeling and forecasting. The basic physical character-
istics of O band radar signals are discussed using a simplified
analytic method in Section I of this letter. Surface air pressure
retrieving techniques are highlighted in these discussions. The-
oretical methods to simulate O band radar signals in both clear
and cloudy weather conditions are introduced in Section II. The
atmospheric profiles used in the simulations are from National
Oceanic and Atmospheric Administration (NOAA) global ra-
diosonde measurements. Section III presents simulated results
of radar surface air pressure retrievals. Results show that radar
O absorption band techniques for surface air pressure remote
sensing should meet basic meteorological requirements for op-
erational weather forecasting. Conclusions of the advantage and
disadvantage of the radar O absorption band techniques are
given in Section IV. Within current developments of radar tech-
nology, it is possible that advanced O differential absorption
radars can be built and used in operational airborne weather re-
mote sensing platforms.

II. THEORETICAL BASIS OF SURFACE AIR

PRESSURE REMOTE SENSING

This study serves as an initial investigation in surface pressure
remote sensing. We are going to use a simplified radar signal
propagation model to show the basic relationship between O
band radar reflected signals and surface pressure measurements
in this current section. The actual simulations of radar reflected
signals, which utilize complicated microwave radiative transfer
(MWRT) calculations accounting for full physical processes of
the radar signal propagation, will be discussed in the next sec-
tion. This simplified model considers only atmospheric gas and
cloud water absorptions and transmissions of radar signals to
avoid the extreme complicity of the radar signal propagation
in various atmospheric and surface conditions. The tempera-
ture dependences of microwave absorptions and transmissions
for cloud water and atmospheric gases are not included in the
current discussion, but will be accounted for in the full MWRT
simulations of the next section. Although it is a simple analysis
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TABLE I
SPECTRAL CHARACTERISTICS OF CONSIDERED RADAR SYSTEMS

of the radar signal propagation process, it will show the funda-
mental characteristics of the signals with surface pressure. The
retrieval method, then, will be developed based upon these char-
acteristics.

For initial theoretical considerations of airborne radar remote
sensing technologies for surface air pressure measurements, we
make a simple choice for radar system parameters. That is, the
considered radar is assumed to work at the same wavelengths
(frequencies: 50–56 GHz) as those of existing passive O
band temperature sounders, such as the Advanced Microwave
Sounding Unit (AMSU), except without the highest AMSU
O absorption channels for upper troposphere and stratosphere
to avoid excessive attenuations. We will show later that the
wavelengths around 53–55 GHz are the best choices for O
band radars in surface air pressure measurements. The O
bands have been used in passive microwave remote sensing
for more than two decades, and theoretical uncertainties of
radiative transfer processes at the bands are generally small
because of dominant line-by-line absorption characteristics
and reasonably predictable line-broaden features of the O
microwave absorptions at the spectra [6]–[8]. This selection
of frequencies also provides strong contrasts for the reflected
radar signals from different radar channels to differentiate
atmospheric O path lengths (or microwave optical depths
of the atmospheric O absorptions) and similar LW and WV
absorption characteristics and spatial resolutions to remove
these effects from the reflected radar signals. Since the optical
depths at these wavelengths are proportional to atmospheric
column O amounts, surface pressure may be estimated from
the O amounts, especially when multiple channels are used.
Table I lists the spectral information of considered surface
pressure radar systems.

Considering a radar with a transmitted power at wave-
length and antenna gain , we obtain the power reaching
a small surface area at the range in the viewing angle as

(1)

where is the atmospheric transmittance at the radar wave-
length. The power received by the radar receiver is

(2)

where is the effective aperture of the antenna and equal to
, and is the backscattering coefficient of the sur-

face. The total power received by the receiver from all areas
covered by radar illuminating angles and can be expressed
as

(3)

where the summation of and integrates over an-
tenna illuminating angles and (or over the radar angular
beam widths; note that the product of the angular beam widths

and is decided by antenna gain, i.e., ). When
the radar angular beam widths and are small enough, the
viewing angle and range can be considered as constants for
the integration over radar illuminated areas. Thus

(4)

(4a)

Equations (3) and (4) are generalized radar equations of area-
extensive targets with simplified atmospheric radiative transfer
processes. Since only parameters , , and in (4) are related
to environmental conditions, and the rest are associated with
radar system designs, (4) can be further simplified as

(5)

where is the radar system parameter varying
with the radar wavelength. At nadir , the radar equation
can be further simplified as

(6)

Since in the absence of precipitation, atmospheric scattering
effects on the radar signal propagation are negligible, the major
atmospheric agents attenuating the radar signals are O , cloud
liquid water, and water vapor. Thus

(7)
where wavelength-dependent numbers and are the atmo-
spheric optical depth and effective absorption coefficient for the
atmospheric agent ( or ) at the radar wavelength,
respectively, and and are the atmospheric column O
amount, cloud liquid water path, and column water vapor, re-
spectively. Note that values are weakly dependent on atmo-
spheric pressure and temperature. We assume these values are
only functions of wavelengths to simplify current discussion,
and will consider this and other radar signal propagation effects
in the simulations of the next section.

In the atmosphere, O is generally uniformly mixed with
other gases. The column O amount is proportion to column air
mass, i.e., O where is the mixing ratio of O to
total air, and is the column air mass. Since , where
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and are the surface air pressure and the acceleration of the
earth’s gravity, respectively, (6) can be expressed as

(8)
When two radar channels with close enough wavelengths

and such as those listed in Table I are used, the surface radar
backscattering coefficient, liquid water absorption coefficients,
and water vapor absorption coefficients are very similar. Then
the ratio of the radar received powers from these two channels
is

(9)

This ratio is predominantly decided by the surface atmospheric
pressure. The temperature and pressure dependences of the ef-
fective O absorption coefficients have secondary influences on
the spectrum power ratio. Rearranging (9), we have the surface
air pressure as a function of the radar power ratio

(10)

or simply written as

(11)

where and are the wavelength-dependent coefficients of
the relationship between the radar power ratio and surface air
pressure, and can be estimated from the radar measurements
or theoretical calculations of the radar system design. The

value is the logarithm of the radar power ratio
at wavelengths and (hereafter called the differential
absorption index). From (11), it can be seen that a very simple
near-linear relationship between surface air pressure and the
differential absorption index is expected from the O band radar
data. A linear regression retrieval method for surface pressure
estimation is a straightforward result of current analysis. The
simplified analysis used here highlights the basic physics of O
band surface air pressure remote sensing, and the fundamental
characteristics of the considered radar are summarized in (11).
The details in the radar signal simulation and transmission and
retrieval accuracy will be discussed in the next section using a
more comprehensive microwave radiative transfer model.

III. SIMULATION: MODEL AND RESULTS

The technique used to simulate the propagation of radar
signals within the atmosphere is based on a plane-parallel,
multiple layered atmospheric microwave radiative transfer
(MWRT) model that has been used to determine cloud liquid
water path, column water vapor, precipitation, land surface
emissivity, and other parameters over land and ocean [9]–[14].
To avoid the complexities of microwave scattering by precip-
itating hydrometeors and surface backscattering, this study
deals only with nonprecipitating conditions and homogeneous
backgrounds. Thus, transmission and absorption of radar

signals within each atmospheric layer are the major radiative
transfer processes considered in the model calculations. For the
absorption process, this MWRT model carefully accounts for
the temperature and pressure dependences of cloud water and
atmospheric gas absorptions [14]. At microwave wavelengths,
temperature dependences of gas and water absorptions are
significant and produce some difficulties for MWRT modeling.
There are several models available to account for gas absorp-
tion, which differ mainly in their treatment of water vapor
continuum absorption. The Liebe model ([15], i.e., MPM89)
was used here. It yields results that differ negligibly from those
of the Rosenkranz [16] model at the O bands. Liquid water
absorption coefficients were calculated from the empirical
water refractive index formulae of Ray [17], which agree well
(relative differences 5%) with those from Liebe et al. [18]
for cloud water temperature C. For colder clouds, the
uncertainties in the absorption coefficients could be larger by
more than 15% [14] because of a lack of direct measurements
of the refractive index.

Current MWRT model is consistent of 200 constant-thickness
layers from surface to 40 km. There is virtually no gas absorp-
tion above the modeled top-of-atmosphere (TOA) at our con-
sidered spectra. The atmospheric profiles of temperature, pres-
sure, humidity, and gas amount are obtained from NOAA 1988
(NOAA’88) global radiosonde measurements. This NOAA’88
dataset is widely used in radiation simulations and satellite re-
mote sensing (e.g., [19]) and covers both land and ocean. The
dataset has more than 5000 profiles, and about 1/3 of them are
for cloudy skies. In cloudy cases, the NOAA’88 profiles can
have up to two layers of clouds. Thus, the simulated results
represent both clear and cloudy conditions. Since the model
TOA (40 km) height is much higher than that of radiosonde
measurements, whenever there are no radiosonde upper atmo-
spheric observations, interpolated climatological values of the
upper atmosphere [20] are used. The weighting functions for
the interpolation are decided from the surface air temperatures
and pressures to meet the radiosonde measured weather condi-
tions. In order to have large variations in surface air pressure, for
each NOAA’88 measured profile, the surface pressure is ran-
domly shifted by a Gaussian number with standard deviation
12 mb, and the ratio of the shifted surface air pressure to the
measured surface pressure is calculated. The atmospheric pres-
sures in the measured profile above the surface are then adjusted
to the values using the same ratio as that of the surface pressure.

The considered radar system is assumed to fly at 15-km alti-
tude with velocity 200 m/s, downward looking beamwidth 3
angle (or footprint 785 m), and narrow-band channels as shown
in Table I. During our simulation, since all wavelengths used in
the radar system are very close to each other, we assume the sur-
face reflection (or ) to be the same (11 dB) for all frequency
channels [21]. As we have shown in the previous section, the
absolute magnitude of the surface reflectivity is not very im-
portant for surface pressure estimation as long as the spectral
dependence of within the O bands is negligible.

The simulated signals are analyzed in the form of relative re-
ceived power (RRP), i.e., the ratio of the received and trans-
mitted powers of the considered radar system. Since the system
works at O absorption bands, the relative received powers are
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Fig. 1. Atmospheric extinction optical depths for various atmospheric
temperature and moisture at (left) 52.8 and (right) 54.9 GHz.

generally weak. Certain signal coding techniques for carrier fre-
quencies, correlators for signal receiving and long-time (0.2 s)
averages of received powers are needed for the radar system.
A common binary biphase pseudorandom noise coding with

s code chip may provide reasonable signal strengths for
one bit of radar transmission.

The surface reflected radar signals, i.e., RRP values, used in
this section are simulated through the complicated MWRT cal-
culations discussed previously. With the RRP values, we calcu-
late the radar differential absorption index discussed in the Sec-
tion II. As shown in Section II, the index and surface air pressure
have a near-linear relationship, which points out the basic direc-
tions for surface air pressure remote sensing.

Atmospheric extinctions (or attenuations) vary dramatically
at the O band radar frequencies listed in Table I. The higher
the frequency, the stronger the O absorption are at these wave-
lengths. At the lowest frequency (50.3 GHz), the atmospheric
extinction optical depth is about 0.5, and at the highest fre-
quency (55.5 GHz), the optical depth goes up sharply to about
9. These two frequency represent the extreme ends of weak and
strong, respectively, atmospheric O absorption for our consid-
ered active microwave remote sensing of surface pressure. With
a weak O absorption (i.e., small optical depth) radar signals
would have significant influence from environments, such as at-
mospheric water vapor, cloud water amount and atmospheric
temperature profile. While the atmospheric O absorption is
too strong, most of radar-transmitted power would be attenu-
ated, and small changes in surface air pressure (or column O
amount) would not produce significant differences in the re-
ceived powers. Thus, wavelengths with moderate to reasonably
strong O absorptions in the atmosphere are expected to serve
our purpose best.

Fig. 1 shows examples of atmospheric extinction optical
depths counted from TOA under clear conditions using the
standard profiles [20]. The three different color curves repre-
sent atmospheric surface temperatures of 280, 290, and 300 K,
respectively. It can be seen that these curves are very close
to each other, indicating atmospheric temperature effects are
minimal. For channel 2 (i.e., 52.8 GHz, left panel) cases, the
optical depths for moist atmospheres (solid curves) with 40-mm
column water vapor are about 1.25 and only 0.1 higher than
those of dry atmospheres. At 54.9 GHz (right panel), the optical

Fig. 2. Simulated relationship between the differential absorption index, the
logarithm of the radar spectrum ratio at wavelengths 53.6 and 54.4 GHz (or
channels 3 and 4), and surface air pressure.

Fig. 3. Similar as Fig. 2, except for 53.6 and 54.9 GHz.

depths are increased considerably to about 6, and different
temperature and moist conditions have little effects on the total
extinctions. For this frequency, the atmosphere extinctions of
radar received signals due to double atmospheric path lengths
reach about 50 dB, which requires some enhancements on
radar signals to overcome system noise, as mentioned before.
Generally, the atmospheric O absorptions for channels 2–5 are
at a reasonable level for surface pressure remote sensing. To
test the accuracies of surface pressure measurements, a 15-dB
signal-to-noise ratio is assumed for this primary study.

Fig. 2 shows the simulated relationship between the differ-
ential absorption index at wavelengths 53.6 and 54.4 GHz (or
channels 3 and 4, respectively) and surface air pressure. Each
point in the figure represents one adjusted NOAA’88 profile. As
discussed in Section II, good linear correlations of the two vari-
ables are established with these simulations. A linear regression
gives the root mean square (rms) error in surface air pressure es-
timates about 7.5 mb, which may be suitable for normal meteo-
rological uses. For channels 3 and 5 (Fig. 3), simulated results
(5.4 mb) are close to current theoretical O A-band results. The
best results (Fig. 4) we found are those from the differential ab-
sorption index of channels 2 and 5. The rms error in this case is
about 4.1 mb, which may be better than most proposed leading
remote sensing techniques for surface air measurements. The



328 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 2, NO. 3, JULY 2005

Fig. 4. Same as Fig. 2, except for 52.8 and 54.9 GHz.

tight linear relation between the surface air pressure and dif-
ferential absorption index provides a great potential of remote
sensing surface air pressure from airborne radar systems.

IV. CONCLUDING REMARKS

This study discusses a remote sensing method for surface
air pressure. Primary results show that with an airborne radar
working at about 53–55 GHz O absorption bands, the rms er-
rors of the radar surface pressure estimations can be as small as
4–7 mb under both clear and cloudy conditions. The considered
radar systems should at least have two frequency channels to ob-
tain the relative received power ratios of the two wavelengths.
For the best simulated combination of 52.8 and 54.9 GHz chan-
nels, the power loss of radar received signals due to dual atmo-
spheric path length absorptions could be as high as about 50 dB.
High signal-to-noise ratios for radar reflected powers after these
atmospheric absorptions can be achieved by using coded trans-
missions, correlators and long-time integration. The considered
radar systems have great potentials for weather observations
and numerical weather forecasts, especially over oceans. Future
studies should focus on detailed radar system parameters and
experimental tests of the radar systems to confirm current theo-
retical findings.
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